Using 4-way Doppler tracking with relay satellite OKINA, KAGUYA obtained the first precise gravity field of the lunar farside. Multi-frequency differential VLBI observation using OKINA and OUNA improved the accuracy of gravity, through precise determination of OKINA's orbit. The current gravity model is SGM100i involving VLBI data. Laser altimeter (LALT) on board KAGUYA obtained the first precise global topography of the Moon with range accuracy of 5m. The correlation of spherical harmonics coefficients between gravity and topography become higher than that of the previous model. Gravity signatures of far-side impact basins are mostly explained by topography except for the central high. Combined with topography data, we estimate Bouguer anomaly and the crustal thickness variation of the Moon.
Introduction
The Japanese lunar explorer KAGUYA (SELENE) was launched successfully on 
Topography and Gravity Measurements
Laser altimeter (LALT) on board KAGUYA obtained the first precise global topography of the Moon with range accuracy of 5m 1) . Range data exceeded 20 million by the end of the mission. In the polar regions where laser altimeter on board CLEMENTINE did not observe, LALT clarified topographic features including permanently shadowed areas. Distribution of solar illumination rates was estimated at elevated areas.
Synchronous rotation of the Moon with its orbit inhibits a direct link between a ground tracking station on the Earth and a lunar-orbiting spacecraft over the farside. Previously lunar farside gravity was obtained indirectly from direct tracking data mostly on the nearside. KAGUYA has two small spin-stabilized subsatellites, Rstar (OKINA) and Vstar (OUNA) for gravity measurement. Their weight is 50kg each. The main satellite of KAGUYA takes polar orbits with 100km average altitude. Rstar takes polar orbits with perilune about 100km and apolune about 2400km, respectively. Vstar also takes polar orbits with perilune 100km and apolune 800km. We tracked the three satellites by new methods: 4-way Doppler tracking between the ground station and the main satellite by way of Rstar ( Fig. 1) for the farside gravity and multi-frequency differential VLBI tracking between Rstar and Vstar ( Fig. 2) . It should be noted that precise determination of the orbit of Rstar by VLBI is important for the gravity measurement through the 4-way tracking of the main satellite. The global lunar gravity field with unprecedented accuracy was obtained. KAGUYA obtained accurate lunar farside gravity for the first time 2) . The large error on the far-side in previous gravity models is drastically reduced.
Global topography and free-air gravity maps obtained by KAGUYA are shown in Fig. 3 and Fig. 4 , respectively. Many circular features corresponding to impact structures are clearly identified. Topographic depression and rim of far-side gravity basins show good correlation between topography and free-air gravity anomaly suggesting elastic support of lunar lithosphere. Extended density anomalies such as "mascons" are not observed in the farside, suggesting the difference of thermal condition between the nearside and the farside. Probably the farside interior has cooled more rapidly than the nearside interior.
Using historical tracking data and 14.2 months of SELENE tracking data (from October 20, 2007 to January 30, 2009), spherical harmonic solution of the lunar gravity field to degree and order 100, called SGM100h, is obtained 3) . Then, the differential VLBI data were processed, together with the Kaguya 4-way, 2-way and historical tracking data, into a lunar gravity field model called SGM100i 4) . This model improved orbit determination performance, especially for the edge-on orbits where Doppler signals have low sensitivity. Correlations between gravity and topography also increased over the farside, and the VLBI data affected and improved the lower degrees of the lunar gravity field model spectrum. 
Bouguer Gravity Anomaly and Crustal Thickness
In the case of the Moon, the main cause of Bouguer gravity anomaly is undulation of the Moho boundary (crust / mantle interface). Assuming crustal density 2800 kg/m 3 , mantle density 3360 kg/m 3 , and mare basalt density 3200 kg/m 3 and assuming a uniform crust, Bouguer gravity anomaly, Moho depth and crustal thickness are estimated 5) from gravity and topography, which was obtained by laser altimeter (LALT). Crustal thickness ranges from the minimum of nearly zero beneath the Moscoviense impact basin to the maximum of 110 km on the southern rim of the Dirichlet-Jackson basin. The mean crustal thickness is about 53 km. In overall, earside crust is thinner than that of farside. Bouguer anomaly does not change largely both within the South Pole-Aitken basin (SPA) and within far-side highland terrain (FHT). This would imply relatively smooth crust-mantle boundary there.
Conclusion
Using 4-way Doppler tracking with relay satellite OKINA, KAGUYA obtained the first precise gravity field of the lunar farside. Multi-frequency differential VLBI observation using OKINA and OUNA improved the accuracy of gravity. Laser altimeter (LALT) on board KAGUYA obtained the first precise global topography of the Moon with range accuracy of 5m. Gravity signatures of far-side impact basins are mostly explained by topography except for the central high. Combined with topography data, we estimate Bouguer anomaly and the crustal thickness variation of the Moon. 
